The synthesis of three octapyrrolic, 8-10, and four dodecapyrrolic, 15-18, oligomers is reported. They are linear poly(dipyrromethene)s and potential ligands as building blocks for supramolecular architectures through selfassembly. Octapyrrolic oligomers 8-10 were prepared in 90-95% yields by condensation of 2 equiv of a tripyrrolic compound 4 with 1 equiv of diformyldipyrrolic compounds 5-7. A similar procedure, involving the condensation of 2 equiv of a pentapyrrolic starting material 13 with 1 equiv of 5-7 or 14, was found to give rise to the corresponding dodecameric systems 15-18 in 41-56% yields.
Introduction
Dipyrromethenes (I) are yellow colored and fully conjugated flat compounds containing 10-p-electrons and can be precursors of chlorins; expanded, contracted, and isomeric porphyrins (1); bilirubins (2); biliverdin (2); and many other bile pigments (3). They have been extensively used in the synthesis of porphyrins (1) and linear polypyrroles (4). Owing to their stable monoanionic nature, dipyrromethenes have been found to be useful ligands for a variety of metal ions (5). In addition, bile pigments containing dipyrromethene moieties linked by a methylene group such as biladienes-ac (II) are useful ligands for the formation of well-defined architectures through self-assembly (6) . A salient feature of dipyrromethene superstructures is that counterions are not required, since the dipyrromethene unit is a monoanionic ligand and the complex will be neutral when chelated with divalent metal ions. This is in contrast to bipyridine ligands, the standard building blocks for supramolecular assemblies used by 8) .
The use of dipyrromethenes as novel ligands to build double helical supramolecules was originally proposed by one of us in 1965 (9) , when it was suggested that a 2:2 bis(dipyrromethene) ligand -Co II complex exists in a helical conformation. Since then several crystal structures of 2:2 biladiene-ac ligand -M II complexes have been reported where the 2:2 complex existed as a helix (10). Our group reexamined these reactions (6) and explored the use of a 2,2-spacer between dipyrromethene units (such as III) and the 3,3¢-positions (such as IV) and hexapyrins (V) (Scheme 1).
Like biladienes-ac (II), bis(dipyrromethenes) (III) and hexapyrrins (V) reacted with Zn II to form a double stranded helical complex (5), while the complex of the 3,3¢-bidipyrromethene IV (n = 0) with Zn II showed triangular geometry with the ligand linking the three metal centers in an overlapping progressive fashion. For each ligand one dipyrromethene binding domain lies above the averaged plane of the molecule, while the other dipyrromethene lies below this plane (Scheme 2).
To extend our work, we were interested in linear polydipyrromethenes, which include 2,2¢-linked (A), 3,3¢-linked (B), 3,3¢-sulfur bridged (C), and 2,2-directly linked intermediates (D) . In this paper we will report on the synthesis and characterization of novel ligands that contain multiple dipyrromethene units.
Linear polypyrroles such as hexanornonapyrrin (11a), decahydrohexapyrrin (11b-11d), and pentapyrrole (11e) have been recently reported and characterized. However, synthetic methods for linear oligopyrroles containing more than three dipyrromethene units are not currently available.
The key precursor required for the synthesis of 8-9 was tripyrrole 4. It was synthesized from the known 5-acetoxymethylpyrrole (1) via two steps, as shown in Scheme 3. Briefly, the procedure involved first treatment of 1 with pyrrole at reflux in a mixture of p-toluenesulfonic acid and dichloromethane or at 40 o C in acetic acid, followed by purification of the reaction mixture by direct crystallization from dichloromethane-hexane. The asymmetric dipyrromethane 2 was obtained in 66% yield. Acid-catalyzed coupling of this intermediate with 3,4,5-trimethyl-5-formylpyrrole (3) then afforded the requisite hydrobromide salt of tripyrrole 4 in an 86% yield after crystallization.
Once 4 was in hand, the synthesis of the target compounds 8-10 proved straightforward. After simple precipitating using anhydrous ether, the acid-catalyzed condensation of 2 equiv of 4 and 1 equiv of 5-7 in methanol-dichloromethane was found to give the desired linear octapyrrins 8-10 as their corresponding tetrahydrobromide salts, in excellent yields. (detailed in Scheme 3).
Our synthetic procedure for dodecapyrrins 15-18 is outlined in Schemes 4 and 5. For this purpose, the key precursor 13 was required; this was prepared from 5-acetoxymethylpyrrole 1a via two steps. The procedure involved first treating 1 with the 5-unsubstituted 2-formylpyrrole (11) at 50 o C in acetic acid or at room temperature in a mixture of dichloromethane and p-toluenesulfonic acid. Crystallization from dichloromethane-hexane gave the asymmetric dipyrro-methane 12 in 72% yield. Condensation of 12 with tripyrrole acid, generated in situ by treating 4 with trifluoroacetic acid at room temperature for 20 min, afforded the desired intermediate as the dihydrobromide salt 13 in 93% yield after precipitating with anhydrous ether. Acid-catalyzed condensation between 14 and 2 equiv of 13 with 1 equiv of 5-7 gave, in good yields, the desired dodecapyrrins 15-18 as their corresponding hexahydrobromide salts.
Experimental section
5-Acetoxymethyl-4-ethyl-3-methyl-2-tert-butoxycarbonylpyrrole (1) (12) , 5-acetoxymethyl-3,4-dimethyl-2-tert-butoxycarbonylpyrrole (1a) (12), 3,4,5-trimethyl-2-formyl-pyrrole (3) (13) , bis(2,4-dimethyl-5-formyl-pyrrole-3-yl) sulfide (5) (14) , 5-methyl-2-benzoxycarbonylpyrrole (15), 5,5¢-diformyl-4,4¢-dimethyl-3,3¢-diethyl-dipyrromethane 7 (14), 3-methyl-4-ethyl-2-formylpyrrole (11) (16) , and 5,5¢-diformylbipyrrole (14) (15) were synthesized according to the previously reported procedures.
5,5¢-Bisethoxycarbony-2,2¢-dimethyl-3,3¢-dipyrromethane Paraformaldehyde (1.40 g, 47 mmol, 2.0 mol equiv) was suspended in ethanol (300 mL) containing hydrochloric acid (33%, 5 mL). The mixture was stirred with heating until all the solid dissolved. After cooling to room temperature, 2-benzoxycarbonyl-5-methylpyrrole (20 g, 46.8 mmol) was added. The mixture was allowed to stir at 40 o C for 3 h. After removal of solvent, the residue was crystallized from methanol. The product was obtained as white crystals (11.32 13, 116.74, 119.38, 121.71, 128.12, 128.53, 130.76, 136.43, 162.55 (COO) H 5.92, N 6.33; found: C 73.02, H 5.90, N 5.98. 1,2-Bis(5-carboxy-2,4-dimethyl-pyrrole-3-yl)methane 1,2-Bis(5-benzoxycarbonyl-2-methylpyrrole-3-yl)methane (20 g, 63 mmol) was dissolved in tetrahydrofuran (400 mL). Palladium on carbon (10%, 1.0 g) and triethylamine (1 mL) were added to this solution. The mixture was stirred for 20 h under hydrogen at atmospheric pressure and room temperature. The catalyst was removed by filtration. After removal of solvent, the residue was dried under vacuum. The product was obtained as a white powder (16 g, 98%) , which was used directly for the next step without further purification. An analytical sample was purified by twice repeating the following procedure: the crude product (100 mg) was dissolved in aqueous saturated sodium bicarbonate (5 mL); the mixture was then filtrated to remove any insoluble materials and carefully adjusted to pH 4 with glacial acetic acid. The white precipitate was collected by suction filtration; mp 220 o C (decomposition temperature (dec.) 
5-tert-Butoxycarbonyl-4-methyl-3-methoxycarbonylmethyl-2,2¢-dipyrromethane (2)

Method A
A 500 mL three-necked, round-bottomed flask equipped with magnetic stirrer bar and a nitrogen inlet was charged with 5-acetoxymethyl-4-ethyl-3-methyl-2-tert-butoxycarbonylpyrrole (1, 10.0 g, 35.5 mmol) and acetic acid (250 mL). After 20 min of stirring under nitrogen, pyrrole (2.86 g, 42.7 mmol, 1.2 mol equiv) and p-toluenesulfonic acid monohydrate (330 mg) were added. The reaction mixture was stirred at 40 o C overnight. The solvent was removed under vacuum. The residue was taken into dichloromethane (500 mL) and washed successively by water (2 × 100 mL), aqueous saturated sodium bicarbonate (2 × 100 mL), and saturated brine (100 ml). After drying over anhydrous sodium sulfate and removing solvent under vacuum, the residue was crystallized from dichloromethane-hexane to give the product (3.33 g, 32%).
Method B
A 500 mL three-necked, round-bottomed flask equipped with a magnetic stirrer, nitrogen inlet, and reflux condenser was charged with 5-acetoxymethyl-4-ethyl-3-methyl-2-tertbutoxycarbonylpyrrole (1, 18.6 g, 66 mmol), pyrrole (4.6 mL, 66 mmol, 1.0 mol equiv), and dichloromethane (200 mL). The mixture was stirred at room temperature for 30 min while nitrogen was bubbled through the solution. pToluenesulfonic acid monohydrate (250 mg) was then added in one portion. The solution immediately turned yellow-red. The mixture was stirred under reflux for 30 min. TLC then showed the reaction was complete (CH 2 Cl 2 , 5-acetoxymethylpyrrole R f = 0.4, product R f = 0.5, and pyrrole R f = 0.9). The product dipyrromethane turned yellow-red, pyrrole turned to brown-black, and the starting 5-acetoxymethylpyrrole remained unchanged upon contacting the TLC plate over bromine vapor. After cooling to room temperature, triethylamine (1 mL) in methanol (5 mL) was added to neutralize the acid. Solvent was completely removed under vacuum (first rotovapor, then high vacuum). The yellow semisolid was mixed with aqueous methanol (90%, 30 mL) and ultrasonicated to aid solidification. The crude material was immediately collected by suction filtration to yield the expected product (11.6 g, 61%), which was pure enough for subsequent use, as judged by 1 
1-tert-Butoxycarbonyl-2-methyl-3-ethyl-12,13,14-trimethyl-4,5-dihydro-tripyrrin hydrogen bromide salt (4)
A 250 mL round-bottomed flask equipped with magnetic stirrer bar was charged with 2-tert-butoxycarbonyl-3-methyl-4-methoxycarbonylmethyl-dipyrromethane (2) (1.0 g, 3.47 mmol), 3,4,5-trimethyl-2-formyl-pyrrole (3) (0.48 g, 3.47 mmol, 1.0 mol equiv), dichloromethane (50 mL), and methanol (20 mL). Hydrogen bromide (48% in glacial acetic acid, 3 mL) was added with stirring. The red mixture was allowed to stir for 2 h at room temperature. Anhydrous ether (50 mL) was added and the suspension was allowed to stir for another 30 min. The red solid was collected by suction filtration and washed with anhydrous ether. The crude product was suspended in methanol (50 mL) containing 5 drops of hydrogen bromide (45% in glacial acid) and stirred for 30 min. The solid was collected by filtration (1.46 g, 86%). An analytical sample was obtained as follows: crude product was dissolved in a minimum amount of dichloromethane, and methanol (~1 mL) containing a drop of hydrogen bromide (45% in glacial acid) was added, followed by anhydrous ether to precipitate the product. The red solid was collected by suction filtration; mp 220 (dec.). UV-Vis (CH 2 Cl 2 ) (nm): l max (e) = 483 (80 400 114.93, 119.57, 123.57, 124.13, 125.83, 126.11, 126.39, 127.33, 128.28, 133.13, 144.65, 152.49, 159.68 (C=N) 
5,5¢-Diformyl-2,2¢-dimethyl-3,3¢-dipyrromethane (6)
5,5¢-Dicarboxy-2,2¢-dimethyl-3,3¢-dipyrromethane (3.0 g, 11 mmol) was suspended in trifluoroacetic acid (15 mL). The mixture was stirred at 40 o C until all the solid had dissolved. The mixture was then cooled to -5 o C using an ice-salt bath. Trimethyl orthoformate (4.5 mL) was added dropwise over 5 min and the mixture was allowed to stir another 10 min before being poured into a solution of 10% ammonia (100 mL), which was pre-cooled to 0 o C. The yellow-brown precipitated was collected by filtration and washed with water. After drying under vacuum and crystallizing from dichloromethane-hexane, the title compound was obtained (2.1 g, 80%) 
General procedure for 8-10
Tripyrrole (4, 100 mg, 0.20 mmol) was suspended in trifluoroacetic acid (5 mL), and stirred at room temperature until all solid had dissolved. To this brown-red mixture 5, 6, or 7 (0.10 mmol, 0.5 mol equiv) was added under continuous stirring. After 10 min, a mixture of dichloromethane (20 mL), methanol (20 mL), and hydrogen bromide (48% in acetic acid) was added. The red mixture was stirred at room temperature and anhydrous ether (100 mL) was added. The suspension was then allowed to stir for another 30 min. The red solid was collected by suction filtration and washed with anhydrous ether. The crude product was suspended in methanol (50 mL) containing 5 drops of hydrogen bromide (45% in glacial acid) and stirred at room temperature for 30 min. The solid was collected by filtration to afford the expected product. An analytic sample was obtained by repeating the following procedure three times: The crude product (~20 mg) was dissolved in a minimum amount of trifluoroacetic acid. To this red mixture, dichloromethane (1 mL) and methanol (1 mL) containing a drop of HBr (48% in acetic acid) were added, followed by anhydrous ether to precipitate the product. The red solid was collected by suction filtration.
Octapyrrin tetrahydrobromide salt (8)
Yield 95%, mp 300 o C (dec. 115.48, 124.12, 124.86, 126.60, 127.63, 127.85, 128.01, 129.73, 131.77, 132.49, 134.90, 144.69, 145.71, 147.68, 149.36, 150.01, 154.90 119.96, 121.99, 124.45, 124.92, 127.74, 127.80, 128.05, 128.24, 129.87, 131.31, 144.78, 145.20, 145.33, 147.45, 148.46, 148. 88, 150.84 (C=N) H 6.10, N 9.43; found: C 57.43, H 6.31, N 9.21 .
5-tert-Butoxycarbonyl-3,4-dimethyl-5¢-formyl-4¢-ethyl-3¢-methyl-2,2¢-dipyrromethane (12)
Method A
A 250 mL three-necked, round-bottomed flask equipped with a magnetic stirrer bar and a nitrogen inlet was charged with 5-acetoxymethyl-3,4-dimethyl-2-tert-butoxycarbonylpyrrole (3.44 g, 12.5 mmol) and acetic acid (100 mL). Nitrogen was bubbled through the solution with stirring, and after 20 min 2-formyl-3-ethyl-4-methylpyrrole (1.71 g, 12.5 mmol, 1.0 mol equiv) was added. The reaction mixture was stirred at 50 o C overnight. The solvent was removed under vacuum (rotovapor). The residue was taken up in dichloromethane (200 mL) and washed successively with water (2 × 100 mL), aqueous saturated sodium bicarbonate (2 × 100 mL), and saturated brine (100 ml). After drying over anhydrous sodium sulfate and removing solvent (rotovapor), the solid was crystallized from dichloromethane-hexane, yielding 0.85 g (20%).
Method B
A 250 mL three-necked, round-bottomed flask equipped with a magnetic stirrer, nitrogen inlet, and a reflux condenser was charged with 5-acetoxymethyl-3,4-dimethyl-2-tert-butoxycarbonylpyrrole (1.94 g, 7.30 mmol), 4-methyl-3-ethyl-2-formylpyrrole (1.0 g, 7.30 mmol, 1.0 mol equiv), and dichloromethane (150 mL). The mixture was stirred at room temperature for 30 min while nitrogen was bubbled through the solution. p-Toluenesulfonic acid monohydrate (150 mg) was then added in one portion. The solution turned yellow-red immediately. The mixture was stirred under reflux for 30 min. TLC showed the reaction was complete (CH 2 Cl 2 , 5-acetoxymethylpyrrole R f = 0.4, product R f = 0.5, and pyrrole R f = 0.9). The product dipyrromethane turned red, the pyrrole turned brown-black, and the starting 5-actoxymethylpyrrole remained unchanged upon contacting the TLC plate over bromine vapor. After cooling to room temperature, triethylamine (1 mL) in methanol (5 mL) was added to neutralize the acid. Solvent was completely removed under vacuum (first rotovapor, then high vacuum). The yellow semi-solid was mixed with aqueous methanol (90%, 30 mL) and ultrasonicated to aid solidification. The suspension was kept at 0 o C for 4 h. The solid was collected by suction filtration to yield the product ( 116.88, 117.35, 119.33, 126.22, 127.55, 127.99, 137.40, 140.53, 161.35 (COO) 
Pentapyrrole (13)
Starting tripyrrole (4) (300 mg, 0.61 mmol) was suspended in trifluoroacetic acid (10 mL) and stirred at room temperature for 10 min until all the solid had dissolved. A solution of 5-tert-butoxycarbonyl-3,4-dimethyl-5¢-formyl-4-ethyl-3-methyl-2,2¢-dipyrromethane (12) (211 mg, 0.61 mmol, 1.0 mol equiv) in dichloromethane (20 mL) was added to the brown-red solution under continuous stirring. After 10 min, a mixture of methanol (20 mL) and hydrogen bromide (2 mL, 48% in acetic acid) was added. The red mixture was allowed to stir for 3 h at room temperature. Anhydrous ether (100 mL) was then added and the suspension was stirred for another 30 min. The red solid was collected by suction filtration and washed with anhydrous ether to afford the product (450 mg, 93%); mp 252 o C (dec. 
General procedure for 15-18
The pentapyrrole (13, 100 mg, 0.125 mmol) was suspended in trifluoroacetic acid (5 mL) and stirred at room temperature for 10 min until all the solid had dissolved. To this brown-red solution was added a solution of 5, 6, 7, or 14 (0.0625 mmol, 0.5 mol equiv) in dichloromethane (20 mL) under continuous stirring. After 10 min, a mixture of methanol (20 mL) and hydrogen bromide (2 mL, 48% in acetic acid) was added. The red mixture was stirred for 3 h at room temperature. Anhydrous ether (100 mL) was added and the suspension was allowed to stir for another 30 min. The red solid was collected by suction filtration and washed by anhydrous ether containing a few drops of HBr (48% in acetic acid) to afford the expected product. An analytic sample was obtained by repeating the following procedure three times: the crude product (~20 mg) was dissolved in dichloromethane (1 mL), and methanol (1 mL) containing a few drops of HBr (48% in acetic acid) was added, followed by the addition of anhydrous ether to precipitate the product. The red solid was collected by suction filtration.
Dodecapyrrin hexahydrogen bromide salt (15)
Yield 41%, mp 300 o C (dec. H 5.75, N 9.65; found: C 55.19, H 5.86, N 9.16 .
Conclusion
In summary, we have developed a fast, highly efficient synthetic methodology that appears to be of versatile utility in terms of allowing for the construction of linear polypyrromethenes. The resulting compounds are stable and exist as the corresponding hydrobromide salts. Selfassembly of those novel ligands with transition metal ions is currently being studied.
